The chemical composition and sources of non-refractory submicron aerosol (NR-PM 1 ) on Galway, a west coast city of Ireland, were characterized using an aerosol chemical speciation monitor during summertime in June 2016. Organic aerosol (OA) was found to be the major part of NR-PM 1 (54%), followed by secondary inorganic sulfate (25%), ammonium (11%), and nitrate (10%). Factor analysis revealed that oxygenated OA (OOA) was the dominant OA factor, on average accounting for 84% of the total OA. The remaining 16% of OA was attributed to primary peat burning associated with domestic heating activities. As a result, secondary organic and inorganic aerosol together accounted for 91% of the total NR-PM 1 , pointing to an aged aerosol population originating from secondary formation during long-range transport. Concentration-weighted trajectory analysis indicated that these secondary aerosols were mainly associated with easterly long-range transport from the UK and/or France.
Introduction
Atmospheric aerosol has a significant impact on visibility and air quality both locally and regionally, and plays an important role in climate by scattering and absorbing solar radiation, or by acting as a nucleus for cloud condensation [1] [2] [3] [4] . It also has a serious impact on human health, increasing the risk of respiratory and cardiovascular diseases and even decreasing life expectancy [5] [6] [7] [8] . Aerosol particles can be directly emitted from primary sources (e.g., traffic, domestic heating, wild fires, and volcano emissions) or be formed via gas-to-particle formation. These are known as primary and secondary aerosols, respectively. In order to design effective mitigation strategies for improving the air quality, knowledge of emission sources affecting the urban aerosol population has to be expanded.
With the advent of aerosol mass spectrometry (AMS) [9] [10] [11] [12] [13] , chemical characterization and source apportionment of submicron aerosol has significantly improved [14] [15] [16] . AMS can provide near real-time measurements of non-refractory submicron aerosol species (NR-PM 1 ): Organic aerosol (OA), sulfate, nitrate, ammonium, and chloride [17] [18] [19] [20] [21] [22] . In addition, the application of positive matrix factorization (PMF) on the AMS OA matrix has demonstrated its source apportionment potential which could result in different sets of OA factors depending on the site [23] [24] [25] [26] [27] [28] [29] . These OA factors include primary OA (POA) and secondary OA (SOA) corresponding to specific sources and processes [30] . For example, hydrocarbon-like OA (HOA) factor is primary and is usually associated with traffic emission [31] . Oxygenated OA (OOA) is more related to secondary processes or aging primary and could be associated with both regional transport and local secondary production [32] .
Galway city, located on the west coast of Ireland, with a population of~80,000, has been designated as the 2020 European Capital of Culture. However, the knowledge of particulate matter (PM) components in Galway is very limited [33] . Our winter campaign has indicated that pollution events, with peak NR-PM 1 concentration >20 µg m −3 , were mainly caused by local domestic heating sources [33] . However, sources dominating PM concentrations during summer remain unknown.
In this study, the chemical composition of NR-PM 1 in June 2016 was characterized using an aerosol chemical speciation monitor (ACSM) and OA source apportionment was performed using both PMF and multi-linear engine (ME-2). Finally, the possible geographic origins of the NR-PM 1 components were analyzed through examination of the influence of air mass trajectories.
Methods

Aerosol Measurements
Non-refractory submicron (NR-PM 1 ) aerosol species including organics, sulfate, nitrate, and ammonium were measured in situ at the same location as Lin et al. [33] (i.e., at the National University of Ireland, Galway (53.28 • N and 9.06 • W)) from 1 to 22 June 2016. The measurement site is representative of the regional background conditions over the region of Galway, on the west coast of Ireland. The aerosol sampling setup and the ACSM operation in this study were also the same as those in Lin et al. [33] . Briefly, the ambient air was drawn from a height of around 6 m above the ground at a flow rate of 3 L/min with a sub-stream of 85 mL/min being drawn into the ACSM. In the ACSM, the NR-PM 1 was vaporized at 600 • C with a standard vaporizer and subsequently ionized by electron impact. The resulting ions were analyzed by quadrupole mass analyzer. The time resolution of ACSM in this study was set to 30 min.
ACSM standard data analysis software (v 1.6.0.3) was used to process the mass concentrations of organics, sulfate, nitrate, and ammonium. Chloride accounted for a minor fraction (<1%) of the total NR-PM 1 and was not included in the discussion. A collection efficiency (CE) of 1 was applied for all species, which provides a lower limit for ACSM-measured mass concentration. This CE was validated against a collocated scanning mobility particle sizer (SMPS) in our previous study with the same instrument [29] . The sum of the calculated ACSM volume and black carbon (BC) volume correlated well with the PM 1 volume from the SMPS, with a slope close to unity and correlation coefficient r = 0.96 [29] . It is worthy to note that changes in CE will not affect the relative contribution of chemical species, since the same CE was applied to all measured species. OA mass spectra matrix and error matrix were also extracted using this software for subsequent PMF analysis.
OA Source Apportionment
A PMF model was used to analyze the ACSM organic mass spectra to separate OA into different factors in terms of their mass spectra and time series. The PMF model is defined as
where X represents the ACSM OA matrix, F represents the profile (or mass spectra) of this factor, G represents the time series of this factor, and E represents the residue. Column i corresponds to time, and j to m/z. p is the number of factors of the chosen solution. PMF requires non-negative entries for G and F to be physically meaningful. PMF uses a least squares algorithm that iteratively minimizes the objective function Q, defined as
where σ ij represents measurement uncertainty. The preparation of organic and uncertainty matrix followed the recommendation of Ulbrich et al. [34] . Data points with a low signal-to-noise ratio (SNR; < 0.2) were removed, whereas data with SNR in the range of 0.2-2 were down-weighted by a factor of 2. PMF was run with a robust mode. In this study, organic fragments with m/z ≤ 100 were analyzed. Higher m/z values were not included because of the low SNR. PMF does not require any prior information but may have a substantial degree of rotational ambiguity [35] . The rotational ambiguity may result in fewer factors or inaccurate factor attributions when some factors have similar temporal variation. To reduce rotational ambiguity, a priori information, such as factor profile, can be used to constrain the PMF model.
Multi-linear engine (ME-2) is a solver of PMF. ME-2 can partly constrain the factors based on a priori information such as factor profiles (used in this study) and time series. The so-called a value approach within ME-2 was used, where a value represents the extent to which the reference profiles are allowed to vary (e.g., an a value of 0.05 allows a variability of 5%). The interface of Source Finder (SoFi) [27] was used to run both PMF and ME-2.
Back Trajectory Analysis
Air mass back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT), a transport and dispersion model developed by the NOAA Air Resources Laboratory [36] . The back trajectories were calculated every 6 h for an arrival height of 500 m and length of 72 h.
The concentration-weighted trajectory (CWT) approach was used to investigate the potential transport of pollution [37] on the interface of ZeFir [38] . CWT couples concentration data with air mass history to identify potential source regions that may be responsible for high concentrations observed at the receptor site. A weighing function was added to the CWT calculation to down-weight cells associated with a low count of trajectory endpoints. The setup of the different weights is empirical, and our setup followed the recommendation of Petit et al., [37] . The weighing function was based on the trajectory density; the weighing coefficients were relative to the maximum of this density.
Results
Mass Concentration and Chemical Composition
Time series of the OA, sulfate, nitrate, and ammonium, as well as meteorological parameters (temperature, wind speed, wind direction, relative humidity, pressure, and precipitation), are presented in Figure 1 . Over the measurement period, the average temperature was 15.4 ± 3.4 • C (± standard deviation) varying from 4.5 to 23.3 • C. The ambient relative humidity had a mean value of 79 ± 14%, ranging from 39% to 97%. Westerly and easterly winds alternated during the measurement period, with a mean wind velocity of 2.2 ± 1.6 m/s ranging from 0.5 to 8.0 m/s. The median and mean value of total NR-PM 1 mass were 2.3 and 2.7 ± 2.3 µg m −3 (ranging from <0.5 to 14.4 µg m −3 ), respectively. These values were much lower than the ones reported for summer in Paris (with a mean NR-PM 1 of 4.0 µg m −3 ) [15] and London (with a mean NR-PM 1 of~9.0 µg m −3 ) [39] . The mean value was also lower than that measured at the same site in winter (winter mean NR-PM 1 = 3.4 µg m −3 ) [33] . Overall, NR-PM 1 was dominated by OA, which accounted for 54% of the total mass, followed by sulfate (25%), ammonium (11%), and nitrate (10%). The absolute NR-PM 1 concentration was dependent on specific meteorological parameters. For example, high NR-PM 1 concentrations (4-9 June) were mainly associated with easterly winds and relatively low wind speed. In contrast, low NR-PM 1 concentrations (12-14 June) were mainly associated with westerly winds and relatively high wind speed. Average diurnal cycles of OA, sulfate, nitrate, and ammonium over the three periods in different air masses are shown in Figure 2 . OA was flat throughout the day, with a slight increase in the midday and in the evening in southeast (SE) continental air masses (Figure 2a) , indicating that the measurement site was not influenced by any strong local emission. OA remained at the level of around 2.7 μg m −3 , more than 2 times higher than other species. Sulfate and ammonium showed a similar pattern, with no obvious trend. However, nitrate presented in relatively higher concentrations during the night (with a maximum at 5:00 am, local time) and lower concentrations during the day (with a minimum at 16:00), suggesting strong influences from evaporative loss and gas-aerosol partitioning. As discussed in Section 3.4, the major source of nitrate was from regional transport. Therefore, the diurnal variation of nitrate was driven solely by evaporative loss and gas-to-particle partitioning. In northeast (NE) continental air masses, none of the NR-PM1 species showed any obvious trend and all were relatively flat except for OA, which showed a slight drop in the evening (Figure 2b ). The concentrations of NR-PM1 species were 1.6-3.6 times lower in NE continental air masses than in SE continental air masses. In marine air masses, all the NR-PM1 concentrations were the lowest among the three studied periods (Figure 2c ). OA and sulfate showed a similar trend, with an increase from ~13:00 until 20:00, indicating a similar source or an aging process. Average diurnal cycles of OA, sulfate, nitrate, and ammonium over the three periods in different air masses are shown in Figure 2 . OA was flat throughout the day, with a slight increase in the midday and in the evening in southeast (SE) continental air masses (Figure 2a ), indicating that the measurement site was not influenced by any strong local emission. OA remained at the level of around 2.7 µg m −3 , more than 2 times higher than other species. Sulfate and ammonium showed a similar pattern, with no obvious trend. However, nitrate presented in relatively higher concentrations during the night (with a maximum at 5:00 am, local time) and lower concentrations during the day (with a minimum at 16:00), suggesting strong influences from evaporative loss and gas-aerosol partitioning. As discussed in Section 3.4, the major source of nitrate was from regional transport. Therefore, the diurnal variation of nitrate was driven solely by evaporative loss and gas-to-particle partitioning. In northeast (NE) continental air masses, none of the NR-PM 1 species showed any obvious trend and all were relatively flat except for OA, which showed a slight drop in the evening (Figure 2b ). The concentrations of NR-PM 1 species were 1.6-3.6 times lower in NE continental air masses than in SE continental air masses. In marine air masses, all the NR-PM 1 concentrations were the lowest among the three studied periods (Figure 2c ). OA and sulfate showed a similar trend, with an increase from~13:00 until 20:00, indicating a similar source or an aging process. 
OA Source Apportionment
Unconstrained PMF (or free PMF) identified two factors: peat-like factors and OOA factors (Figures S1-S4 and Table S1 ). No other physically meaningful factors could be identified even by increasing the number of factors. However, the profile of peat-like factor contained no mass to charge ratio (m/z) 44 fraction (f44) and higher than expected f29 when compared to a reference peat profile [33] , compromising its attribution. Therefore, multilinear engine (ME-2) was utilized by constraining the reference peat profile with the a value approach [27, 33] . Sensitivity analysis by varying the a value showed that the relative contribution did not vary significantly (only by a few percent) within the considered a value ( Figure S5 ). Having analyzed the residual, the ME-2 solution was mathematically acceptable and represented the dataset well ( Figure S6 ). Figure 3 shows the mass spectra and temporal variations of peat and oxygenated OA (OOA) at an a value of 0.1. Peat was classified as primary OA and was associated with peat burning activities. The peat profile shows prominent peaks at mass to charge ratios (m/z) 41, 43, 55, and 57, characteristic of aliphatic hydrocarbons. It was also characterized by higher contribution at m/z 60 compared to traffic-related hydrocarbon-like OA factor (known as HOA). m/z 60 was associated with fragments of sugars, such as levoglucosan, which is produced by cellulose pyrolysis [40] . The time series of peat correlates well with that m/z 60 (R = 0.81). Most of the time, peat factor shows low concentrations (< 0.2 μg m −3 ) but with few pollution spikes (> 1 μg m −3 ) observed during the evening. As shown in Figure 1c , the temperature during summer in Galway could drop below 10 o C during the evening, so it is likely that some peat burning could occur during these cold summer evenings. On the other hand, the profile of OOA shows a high f44, arising mainly from CO2 + , which is associated with aerosol aging or secondary formation. The time series of OOA shows a good correlation with sulfate (R = 0.83), pointing to secondary and/or regional sources. 
Unconstrained PMF (or free PMF) identified two factors: peat-like factors and OOA factors (Figures S1-S4 and Table S1 ). No other physically meaningful factors could be identified even by increasing the number of factors. However, the profile of peat-like factor contained no mass to charge ratio (m/z) 44 fraction (f44) and higher than expected f29 when compared to a reference peat profile [33] , compromising its attribution. Therefore, multilinear engine (ME-2) was utilized by constraining the reference peat profile with the a value approach [27, 33] . Sensitivity analysis by varying the a value showed that the relative contribution did not vary significantly (only by a few percent) within the considered a value ( Figure S5 ). Having analyzed the residual, the ME-2 solution was mathematically acceptable and represented the dataset well ( Figure S6) . Figure 3 shows the mass spectra and temporal variations of peat and oxygenated OA (OOA) at an a value of 0.1. Peat was classified as primary OA and was associated with peat burning activities. The peat profile shows prominent peaks at mass to charge ratios (m/z) 41, 43, 55, and 57, characteristic of aliphatic hydrocarbons. It was also characterized by higher contribution at m/z 60 compared to traffic-related hydrocarbon-like OA factor (known as HOA). m/z 60 was associated with fragments of sugars, such as levoglucosan, which is produced by cellulose pyrolysis [40] . The time series of peat correlates well with that m/z 60 (R = 0.81). Most of the time, peat factor shows low concentrations (< 0.2 µg m −3 ) but with few pollution spikes (> 1 µg m −3 ) observed during the evening. As shown in Figure 1c , the temperature during summer in Galway could drop below 10 • C during the evening, so it is likely that some peat burning could occur during these cold summer evenings. On the other hand, the profile of OOA shows a high f44, arising mainly from CO 2 + , which is associated with aerosol aging or secondary formation. The time series of OOA shows a good correlation with sulfate (R = 0.83), pointing to secondary and/or regional sources. The average diurnal cycles of peat and OOA factors over the three periods in different air masses are presented in Figure 4 . In the three studied periods, OOA showed a dominant contribution over peat factor, on average accounting for~84% (or 1.0-2.2 µg m −3 ) of the total OA in the continental air masses (Table 1) and 72% (or 0.2 µg m −3 ) in the marine air masses, suggesting the strong influence of secondary formation. The strong influence of secondary formation on urban PM levels have also been reported in summer in Paris [41] and London [39] , where~50% of the total OA was found to be OOA in both cities. As will be discussed in Section 3.4, France and the UK were potential geographic origins of the secondary aerosol observed in Galway. The higher OOA fraction in Galway than in London or Paris suggests an aging process during long-range transport. In addition, peat burning accounted for a minor fraction of the total OA (16-28%, or 0.09-0.4 µg m −3 ) of the total OA, suggesting a relatively low influence from local sources. As shown in Figure 1a , peat had an increased concentration during the evening (at~22:00, local time) which was mainly associated with emissions from domestic heating activities coupled with the shallower planetary boundary layer in the evening. In addition, a slight peak at noon (at~13:00) was also observed, which might be due to emission from peat burning for barbecues. The average diurnal cycles of peat and OOA factors over the three periods in different air masses are presented in Figure 4 . In the three studied periods, OOA showed a dominant contribution over peat factor, on average accounting for ~84% (or 1.0-2.2 μg m −3 ) of the total OA in the continental air masses (Table 1) and 72% (or 0.2 μg m −3 ) in the marine air masses, suggesting the strong influence of secondary formation. The strong influence of secondary formation on urban PM levels have also been reported in summer in Paris [41] and London [39] , where ~50% of the total OA was found to be OOA in both cities. As will be discussed in Section 3.4, France and the UK were potential geographic origins of the secondary aerosol observed in Galway. The higher OOA fraction in Galway than in London or Paris suggests an aging process during long-range transport. In addition, peat burning accounted for a minor fraction of the total OA (16-28%, or 0.09-0.4 μg m −3 ) of the total OA, suggesting a relatively low influence from local sources. As shown in Figure 1a , peat had an increased concentration during the evening (at ~22:00, local time) which was mainly associated with emissions from domestic heating activities coupled with the shallower planetary boundary layer in the evening. In addition, a slight peak at noon (at ~13:00) was also observed, which might be due to emission from peat burning for barbecues. The average diurnal cycles of peat and OOA factors over the three periods in different air masses are presented in Figure 4 . In the three studied periods, OOA showed a dominant contribution over peat factor, on average accounting for ~84% (or 1.0-2.2 μg m −3 ) of the total OA in the continental air masses (Table 1 ) and 72% (or 0.2 μg m −3 ) in the marine air masses, suggesting the strong influence of secondary formation. The strong influence of secondary formation on urban PM levels have also been reported in summer in Paris [41] and London [39] , where ~50% of the total OA was found to be OOA in both cities. As will be discussed in Section 3.4, France and the UK were potential geographic origins of the secondary aerosol observed in Galway. The higher OOA fraction in Galway than in London or Paris suggests an aging process during long-range transport. In addition, peat burning accounted for a minor fraction of the total OA (16-28%, or 0.09-0.4 μg m −3 ) of the total OA, suggesting a relatively low influence from local sources. As shown in Figure 1a , peat had an increased concentration during the evening (at ~22:00, local time) which was mainly associated with emissions from domestic heating activities coupled with the shallower planetary boundary layer in the evening. In addition, a slight peak at noon (at ~13:00) was also observed, which might be due to emission from peat burning for barbecues. It is important to note that traffic-related factor, HOA, was not identified, probably due to its low contribution and/or mixing with peat-like factor. To evaluate the upper limit of the contribution from traffic emission, a reference HOA profile [25] was forced to be constrained in ME-2, along with a reference peat profile (Figures S7-S8 ). As expected, HOA comprised a small fraction of total OA (~4%). Furthermore, the diurnal cycle of HOA was relatively flat, and no morning or evening rush hour peaks could be observed, indicating very little influence from local traffic ( Figure S9 ). The low contribution of HOA was consistent with low concentration of NOx, with an average morning rush hour (8:00, local time) peak concentration of~3 ppb ( Figure S10 ). Nevertheless, OOA was still the dominant factor, accounting for 85% of OA, followed by peat (11%). What's more, the resulting peat and OOA time series were well correlated with the 2-factor ME-2 solution, with R = 0.91-1 and slope = 0.9-0.97 ( Figure S11 ). Thus, constraining HOA and peat in the ME-2 analysis did not affect the attribution of peat and OOA significantly, and only by 3-10%. In conclusion, the upper limit of the contribution of traffic emission to OA at the urban background site was small (only 4%). N stands for number of data points. One data point corresponds to one-hourly-averaged data. % is calculated from the means. SD stands for one standard deviation.
Continental versus Marine Air Masses Impacts
Continental and marine air masses alternatively arrived at the measurement site, featuring different NR-PM 1 chemical compositions and OA factors. Figure 5 presents the back trajectory (BT) clusters of air mass at an arrival height of 500 m above the ground at intervals of 6 h (00:00, 06:00, 12:00, etc.) using the HYSPLIT model [36] . Using a nonhierarchical clustering algorithm [36] , the BTs were classified into three clusters of air masses based on their spatial distribution during the measurement period. The three clusters included southeasterly (SE) continental BTs, northeasterly (NE) continental BTs, and marine BTs. Continental (SE) air masses originated over mainland Europe (e.g., France), the UK, and southeast Ireland (Figure 5a ), while continental (NE) air masses advected over Scotland and Northern Ireland (Figure 5b) . Finally, marine air masses had nearly 3 days of no contact with land but advected over the rural area on the west coast of Ireland before arriving at the measurement site (Figure 5c ). It is worth noting that the total number of the calculated BTs were nearly evenly distributed into the three clusters ( Figure S12 ): 37% for continental (SE), 32% for continental (NE), and 31% for marine, providing unbiased results for the subsequent analysis of chemical composition and OA factor contribution in each air mass cluster (Table 1) .
It is important to note that traffic-related factor, HOA, was not identified, probably due to its low contribution and/or mixing with peat-like factor. To evaluate the upper limit of the contribution from traffic emission, a reference HOA profile [25] was forced to be constrained in ME-2, along with a reference peat profile (Figure S7-S8) . As expected, HOA comprised a small fraction of total OA (~4%). Furthermore, the diurnal cycle of HOA was relatively flat, and no morning or evening rush hour peaks could be observed, indicating very little influence from local traffic ( Figure S9) . The low contribution of HOA was consistent with low concentration of NOx, with an average morning rush hour (8:00, local time) peak concentration of ~3 ppb ( Figure S10 ). Nevertheless, OOA was still the dominant factor, accounting for 85% of OA, followed by peat (11%). What's more, the resulting peat and OOA time series were well correlated with the 2-factor ME-2 solution, with R = 0.91-1 and slope = 0.9-0.97 ( Figure S11 ). Thus, constraining HOA and peat in the ME-2 analysis did not affect the attribution of peat and OOA significantly, and only by 3-10%. In conclusion, the upper limit of the contribution of traffic emission to OA at the urban background site was small (only 4%).
Continental and marine air masses alternatively arrived at the measurement site, featuring different NR-PM1 chemical compositions and OA factors. Figure 5 presents the back trajectory (BT) clusters of air mass at an arrival height of 500 m above the ground at intervals of 6 h (00:00, 06:00, 12:00, etc.) using the HYSPLIT model [36] . Using a nonhierarchical clustering algorithm [36] , the BTs were classified into three clusters of air masses based on their spatial distribution during the measurement period. The three clusters included southeasterly (SE) continental BTs, northeasterly (NE) continental BTs, and marine BTs. Continental (SE) air masses originated over mainland Europe (e.g., France), the UK, and southeast Ireland (Figure 5a ), while continental (NE) air masses advected over Scotland and Northern Ireland (Figure 5b ). Finally, marine air masses had nearly 3 days of no contact with land but advected over the rural area on the west coast of Ireland before arriving at the measurement site (Figure 5c ). It is worth noting that the total number of the calculated BTs were nearly evenly distributed into the three clusters ( Figure S12 ): 37% for continental (SE), 32% for continental (NE), and 31% for marine, providing unbiased results for the subsequent analysis of chemical composition and OA factor contribution in each air mass cluster (Table 1 ). Speciated aerosol mass concentration, fractional contribution, and OA factors associated with different air mass clusters are presented in Table 1 . The NR-PM1 concentrations were higher during continental events, especially with SE air mass origins. The average NR-PM1 concentration was 4.9 μg m −3 for continental (SE) air masses, which was 2.1 times higher than that for continental (NE) air masses (2.3 μg m −3 ) and 6.1 times higher than that for marine air masses (0.8 μg m −3 ). Also, the NR-PM1 chemical composition was affected by air mass origins. Continental air masses featured higher nitrate contribution (7-12%, or 0.2-0.6 μg m −3 ) whereas marine air masses contained a very low contribution of nitrate to the total NR-PM1 (4%, or 0.03 μg m −3 ). Low nitrate contribution during marine events was due to the absence of marine sources of particulate nitrate [21, 41] . For OA factors, Speciated aerosol mass concentration, fractional contribution, and OA factors associated with different air mass clusters are presented in Table 1 . The NR-PM 1 concentrations were higher during continental events, especially with SE air mass origins. The average NR-PM 1 concentration was 4.9 µg m −3 for continental (SE) air masses, which was 2.1 times higher than that for continental (NE) air masses (2.3 µg m −3 ) and 6.1 times higher than that for marine air masses (0.8 µg m −3 ). Also, the NR-PM 1 chemical composition was affected by air mass origins. Continental air masses featured higher nitrate contribution (7-12%, or 0.2-0.6 µg m −3 ) whereas marine air masses contained a very low contribution of nitrate to the total NR-PM 1 (4%, or 0.03 µg m −3 ). Low nitrate contribution during marine events was due to the absence of marine sources of particulate nitrate [21, 41] . For OA factors, continental OOA concentration was 5-11 times higher for continental air masses (1.0-2.2 µg m −3 ) than for marine air masses (0.2 µg m −3 ). However, fractional contributions of OOA during continental (86% of OA) and marine (72%) events were similarly high, indicating the aerosols were highly aged in both cases. Note that although peat had a higher contribution in marine air masses (28%) than in continental air masses (~14%), its absolute concentration was lower in marine air masses (0.09 µg m −3 ) than in continental air masses (0.1-0.4 µg m −3 ).
Geographic Origins of Major NR-PM 1 Components
The potential geographic origins (Figure 6 ) of the sulfate, nitrate, and OOA were investigated by coupling the concentration data with back trajectories using the CWT approach [38] . The CWT results for sulfate, nitrate, and OOA show that long-range transport from the UK and France were responsible for the high NR-PM 1 concentrations (>0.8 µg m −3 for OOA) observed in Galway. Only very low concentrations of sulfate (<0.3 µg m −3 ) and OOA (<0.2 µg m −3 ) could be associated with marine regions. CWT uses residence time information to geographically identify air parcels that may be responsible for high concentrations observed at the receptor site. Secondary aerosol (i.e., OOA, nitrate, and sulfate) concentrations were relatively high in the southeast continental air masses ( Table 1 ). The cluster of SE continental air masses had originated over France and the UK but advected over southeast Ireland before reaching the measurement site. Therefore, the CWT result shows that southeast Ireland was also a potential geographic source of secondary aerosols, in addition to France and the UK. The formation of secondary aerosols involves the photochemical reactions of their precursors (e.g., VOC, NO x , and SO 2 ). As shown in Figure S10 , the local nitrate precursor concentration of NOx was very low even during the morning rush hour peak (~3 ppb on average). Some small cities are located in southeast Ireland and, similarly, low levels of precursor emissions are expected. Therefore, we believe most of the precursors of secondary aerosol were from other countries, and their photochemical reactions formed the secondary aerosol during transport, which was subsequently observed at the measurement site. Peat is a primary OA factor, and its diurnal cycle shows peaks in the evening, indicating a local source emission from nearby households. One of the disadvantages of CWT and other wind analysis tools are their inability to analyse local sources. This is because the wind speed cannot be directly related to a distance, leading to a risk of misinterpreting plotted results on top of a map [38] . Therefore, Peat-OA was not included in the CWT plot. . The CWT were plotted using ZeFir [38] .
Conclusions
An aerosol chemical speciation monitor (ACSM) was used to measure non-refractory submicron particles at the urban background site of Galway city, on the west coast of Ireland, during summer 2016. PMF was conducted on OA mass spectra to investigate the OA sources. The results show that the summertime average NR-PM1 concentration of 2.7 ± 2.3 μg m −3 in Galway is lower than that observed in other European cities (e.g., London and Paris), and lower than that observed in winter at the same location. On average, 54% of the NR-PM1 was comprised of organic aerosol, 84% of which was attributed to secondary production (OOA factor), which shows a good time series correlation with sulfate (R = 0.83), and only 16% of which was coming from primary peat burning. Together with secondary inorganic species (sulfate (25%), nitrate (10%), and ammonium (11%)), 91% of NR-PM1 was of secondary origin and only 9% was coming from primary sources. Concentration-weighted , and (c) OOA; color-coded based on the concentration of each species in µg m −3 . The CWT were plotted using ZeFir [38] .
Galway city is located on the west coast of Ireland, facing the northern Atlantic Ocean. The sampling site in Galway provides a good opportunity to study arriving aerosol from both the ocean and other European countries as marine air masses and continental air masses alternatively arrive at the sampling site. Our measurement is representative of the cases in western European countries, especially in similarly sized cities in the UK and western France, with similar air mass back trajectories in summer.
An aerosol chemical speciation monitor (ACSM) was used to measure non-refractory submicron particles at the urban background site of Galway city, on the west coast of Ireland, during summer 2016. PMF was conducted on OA mass spectra to investigate the OA sources. The results show that the summertime average NR-PM 1 concentration of 2.7 ± 2.3 µg m −3 in Galway is lower than that observed in other European cities (e.g., London and Paris), and lower than that observed in winter at the same location. On average, 54% of the NR-PM 1 was comprised of organic aerosol, 84% of which was attributed to secondary production (OOA factor), which shows a good time series correlation with sulfate (R = 0.83), and only 16% of which was coming from primary peat burning. Together with secondary inorganic species (sulfate (25%), nitrate (10%), and ammonium (11%)), 91% of NR-PM 1 was of secondary origin and only 9% was coming from primary sources. Concentration-weighted trajectory analysis points to long-range transport from the UK and France being the major source of the secondary organic and inorganic species. Paris and London are much larger than Galway; however, the comparison of the factor contribution shows that higher a OOA fraction (84% of total OA) was found in Galway than in London or Paris (50%), suggesting aerosol aging during long-range transport.
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